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Neuronal Ca2+ channels are key transducers coupling
excitability to cellular function. As such, they are
tightly regulated by multiple G protein-signaling path-
ways that finely tune their activity. In addition to fast,
direct G modulation of Ca2+ channels, a slower
Gq/11-mediated mechanism has remained enigmatic
despite intensive study. Recent work suggests that
membrane phosphoinositides are crucial determi-
nants of Ca2+ channel activity. Here, we discuss their
role in Ca2+ channel modulation and the leading theo-
ries that seek to elucidate the underlying molecular
details of the so-called “mysterious” Gq/11-mediated
signal.
Soon after the discovery that stimulation of G protein-
coupled receptors (GPCRs) could powerfully modulate
the activity of voltage-gated L-, P/Q-, N-, and R-type
Ca2+ channels (Cav1, Cav2.1, Cav2.2, and Cav2.3, re-
spectively) came the added twist that there was more
than one way to get the job done. A wide-spread mode
of action was described in a variety of neurons in which
receptors coupled to pertussis toxin (PTX)-sensitive
Go/i family G proteins inhibit the channels by shifting
their voltage dependence to more depolarized poten-
tials. The action is rapid (<1 s), does not require any
intracellular second messenger, and is mediated by the
direct binding of the Gβγ dimers of the heterotrimeric G
proteins to the channels (Herlitze et al., 1996; Ikeda,
1996). However, it soon became clear that stimulation
of multiple GPCRs coupled to Gq/11 proteins could also
inhibit neuronal N-type Ca2+ currents, but in a different
way (Bernheim et al., 1991). This modulation is at least
10-fold slower and does not involve any shift in channel
voltage dependence. Modulation by the slow pathway
appears to involve a diffusible messenger capable of
migrating to the channels isolated under the patch pi-
pette because, in cell-attached patches, unitary Ca2+
channel activity decreases following bath application of
agonists (Figure 1A). It has been hypothesized that this
slow pathway was mechanistically common to similar
actions on Cav1 and M-type K+ channels, but molecu-
lar confirmation of this has been lacking.*Correspondence: delmas.p@jean-roche.univ-mrs.fr (P.D.); shapirom@
uthscsa.edu (M.S.S.)Multiple Signaling Pathways Converge
onto N-Type Ca2+ Channels
Early work by the Hille group showed that both fast and
slow modulation of Cav2.2 channels could be simulta-
neously activated by a single agonist, the exemplar
case being agonists of muscarinic acetylcholine recep-
tors (mAChRs). In sympathetic neurons of the superior
cervical ganglion (SCG), muscarinic M2 and/or M4 re-
ceptors, coupled to Go/i, inhibit Ca2+ channels via the
faster pathway, and M1 receptors, coupled to Gq/11, in-
hibit Ca2+ channels via the slower one. Using the cri-
teria of PTX sensitivity, speed of action, and voltage
dependence, these two mechanisms of modulation can
be clearly separated. Similar fast and slow pathways
of modulation of Cav1 and Cav2 by GPCRs have been
demonstrated in a variety of central neurons as well
(Stewart et al., 1999, and references therein), separable
by similar means.
Although this slower pathway of Ca2+ current sup-
pression was soon confirmed to use Gαq (Delmas et al.,
1998; Haley et al., 2000), the link between G proteins
and Ca2+ channels has proved mysterious. The usual
downstream messengers created by Gq/11-activation of
phospholipase Cβ (PLC), inositol 1,4,5-trisphosphate
(InsP3), diacylglycerol (DAG), and protein kinase C (PKC)
(Figure 1B), were shown to not be that link. Several labs
determined that muscarinic stimulation of SCG neurons
does not raise intracellular Ca2+ ([Ca2+]i) (Cruzblanca et
al., 1998; Delmas et al., 2002), ruling out the Ca2+ ion
as the culprit, unlike the case of Ca2+-mediated inacti-
vation and facilitation of several types of voltage-gated
Ca2+ channels that are modulated by [Ca2+]i in concert
with calmodulin. Thus, the stage was set for a vigorous
debate over the intracellular molecular mechanism. In
the past several years, two main hypotheses have been
put forward. At first blush, these two theories seem in-
compatible, but we later suggest how they might be
congruent.
PIP2 as the “Mysterious” Messenger
of the Slow Gq Pathway
The first hypothesis suggests that neuronal Ca2+ chan-
nels are sensitive to the substrate of PLC, phosphati-
dylinositol 4,5-bisphosphate (PIP2), which regulates
their gating. Calcium channels would then join a host of
other channels and transporters, including Kir, KCNQ,
TRPM7, ENaC, and the Na+/Ca2+ antiporter, for which
PIP2 is permissive of activity (Suh and Hille, 2005). In
this scenario, stimulation of M1 mAChR activates Gq/11
and PLC, hydrolyzing much PIP2 and depleting its
plasma membrane abundance. Since application of ag-
onists acting at PLC-coupled membrane receptors in
the bath causes inhibition of Ca2+ or KCNQ channels
isolated in the cell-attached patch pipette, the PIP2 de-
pletion scenario necessitates that hydrolysis of PIP2 in
the membrane outside the patch results in the reduc-
tion of [PIP2] within the patch, most likely by lateral dif-
fusion. Two recent papers have presented a number of
tests that strongly implicate depletion of PIP2 in the ac-
tion (Wu et al., 2002; Gamper et al., 2004). Thus, both
Cav2.1 and Cav2.2 currents “run-down” in excised in-
side-out macro-patches in the absence, but not in the
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180Figure 1. Ca2+ Channel Inhibition via the
Slow Gαq/PLC-Coupled Receptor Pathway
(A) The slow inhibtory pathway in sympa-
thetic neurons. (Upper panel) Application of the
muscarinic agonist oxotremorine methiodide
(Oxo-M) to the bath inhibits unitary N-type
Ca2+ channel activity in a cell-attached
patch (P.D., unpublished data). [Ca2+]pipette =
5 mM. (Lower panel) Schematic represen-
tation of receptor-Gq protein coupling to
N-type Ca2+ channels. Inhibition involves a
molecule capable of diffusing into the mem-
brane region circumscribed by the patch
electrode. This signal molecule may be
membrane anchored (1) or soluble (2). (B)
Schematic diagram of the phosphoinositide
cycle. PIP2 is synthesized from PI through
sequential phosphorylations by phosphati-
dylinositol 4-kinase (PI4K) and phosphatidyl-
inositol-4-phosphate 5-kinase (PIP5K). PIP2
is metabolized through dephosphorylation
by 5-phosphatase (not depicted) to PI(4)P or
hydrolyzed by phospholipase Cβ (PLCβ). PI,
phosphatidylinositol; PI-4-P, phosphatidyl-
inositol 4-phosphate; PA, phosphatidic acid;
AA, arachidonic acid; PLCβ, phospholipase
Cβ, PIP2, phosphatidylinositol-4,5-bisphos-
phate; IP3R, inositol trisphosphate receptor;
DAG, diacylglycerol; PKC, protein kinase C.presence, of PIP2; Gq/11-mediated muscarinic modula- h
mtion is blunted by PIP2 in whole-cell pipettes or by ex-
pression in the neurons of PIP2-sequestering or PIP2- 2
mdephosphorylation constructs, and recovery from the
modulation (which involves resynthesis of PIP2 in this l
amodel) is hindered by blockade of PI4- but not PI3-
kinases. This mechanism closely parallels the emerging b
2literature that studies muscarinic action on the neuronal
KCNQ current (Suh and Hille, 2002; Zhang et al., 2003; a
aFord et al., 2004; Winks et al., 2005), whose modulation
by M1 mAChR stimulation has for many years seemed o
bcongruent with the action on the Cav2.2 current in the
same cells. Such a common paradigm would seem a W
ttempting closure to two intensively studied parallel is-
sues. However, for both channels, there seems to be s
vmore texture to this smooth story.
Modulation by Arachidonic Acid P
nIndeed, the second hypothesis invokes the production of
another signaling molecule downstream of PLC activa- M
otion, arachidonic acid (AA). As a consequence of Gq/11
activation, AA could be generated from DAG either di- F
brectly, by its hydrolysis by DAG-lipase, or indirectly, by
stimulation of phospholipase A2. The idea that a “free” o
lfatty acid such as AA could be a modulator of ion chan-
nels originated almost 15 years ago with descriptions t
lof AA action on several different K+, Cl−, and Ca2+ chan-
nels, although in many of these cases, the action was s
rfound to be mediated by AA metabolites or by PKC
rather than by AA itself. Subsequently, generation of s
dfree fatty acids such as linolenic acid downstream of
Gq/11 activation in Drosophila photoreceptors was pro- e
tposed to be the intracellular mehcanism mediating
activation of the light-sensitive channels Trp and Trpl a
falthough like much in the TRP channel field, the mecha-
nism remains controversial. For Cav2.2 channels, dual c
bmodulatory effects of AA have been found, with an en-ancement at threshold voltages, but an inhibition at
ore positive potentials (Liu and Rittenhouse, 2000,
003). Modulation of current by AA was reported to
imic modulation observed upon M1 mAChR stimu-
ation in the same cells, not involving AA metabolites,
nd such muscarinic inhibition of Ca2+ current to be
locked by an inhibitor of PLA2 (but cf. Gamper et al.,
004) or by an AA scavenger. In this hypothesis, both
ctivation of PLC and PLA2 would be required (Liu et
l., 2004) and AA might act by binding to some site
n the channel proteins or by altering the interactions
etween the channels and membrane phospholipids.
e find the latter mechanism intriguing as a hypothesis
hat could link these two theories of how M1 mAChR
timulation modulates Ca2+ current in SCG cells. Con-
erging, but in this case antagonistic, actions of AA and
IP2 have been recently described for A-type K+ chan-
els as well (Oliver et al., 2004).
olecular Organization and Specificity
f Signaling Pathways
or both Ca2+ channel modulation by PIP2 depletion or
y AA generation, it would be expected that modulation
f Ca2+ current would occur downstream of the stimu-
ation of any Gq/11-coupled receptors—but strikingly,
his is not the case. Indeed, whereas M1 mAChR stimu-
ation strongly suppresses Ca2+ current in SCG neurons,
timulation of the similarly Gq/11-coupled B2 bradykinin
eceptor has no effect. This is in spite of both agonists
trongly activating PLC, with resultant strong PIP2 hy-
rolysis (Gamper et al., 2004; Winks et al., 2005). This
xciting, yet confounding, result adds considerable
exture to either of the simple mechanisms discussed
bove and introduces the fundamental issue of speci-
icity in GPCR signaling. Such specificity among Gq/11-
oupled receptors in SCG cells is obvious from B2
radykinin receptor, but not M mACh or angiotensin1
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181receptor, stimulation causing rises in [Ca2+]i, a differ-
ence proposed to be due to compartmentalization and
spatial colocalization of certain signaling complexes
(Delmas et al., 2002; Delmas and Brown, 2002). Similar
to the PIP2 depletion hypothesis of M1 mAChR action
on Ca2+ channels, the mechanism of muscarinic modu-
lation of the KCNQ current is most likely depletion of
plasma membrane PIP2 by strong PLC activity and un-
binding of PIP2 from the channels (Suh and Hille, 2002;
Zhang et al., 2003). However, bradykinin and purinergic
modulation of KCNQ channels uses intracellular Ca2+
signals (Cruzblanca et al., 1998; Bofill-Cardona et al.,
2000), in concert with calmodulin (Gamper and Shapiro,
2003; Gamper et al., 2005).
Why then, although coupled to similar signaling cas-
cades, do four Gq/11-coupled receptors act differently
on identical targets in the same cells? The hypothesis
proposed to answer this question involves these recep-
tors in SCG cells to be partitioned in distinct membrane
microdomains so that some types, but not others, are
colocalized with IP3-sensitive calcium stores (Delmas
et al., 2002). Recently, two labs have suggested (but
not definitely demonstrated) that, unlike the muscarinic
action, bradykinin receptor stimulation does not appre-
ciably alter plasma membrane PIP2 levels. They sug-
gest that bradykinin, but not muscarinic, stimulation
activates Ca2+-dependent PI4-kinase via the Ca2+ bind-
ing protein neuronal calcium sensor-1 (NCS-1) (Gamper
et al., 2004; Winks et al., 2005). These labs hypothesize
that bradykinin, but not muscarinic, receptors, due to
their spatial colocalization with IP3-sensitive Ca2+-stores,
stimulate Ca2+-dependent PIP2 synthesis concurrent
with PLC-mediated hydrolysis, buffering changes in
PIP2 abundance in the plasma membrane. This would
preclude suppression of Cav2.2 channels, but not InsPFigure 2. Model for Receptor-Specific Phos-
phoinositide Signaling in Neurons
Signals activated by two types of plasma
membrane receptors are shown. These re-
ceptors can be discriminated by their ability
to mobilize intracellular Ca2+ via IP3Rs. Both
types couple to Gq/11 proteins and strongly
stimulate PLC, hydrolyzing plasma mem-
brane PIP2 into InsP3 and DAG. N-type Ca2+
channels are shown to be essentially inhib-
ited by depletion of PIP2 only by the types
of receptors (e.g., M1 mAChR) that cannot
induce Ca2+ release from IP3R-gated stores.
Simultaneous production of AA is depicted
as playing a role in tuning the sensitivity of
the channel to the resultant changes in
[PIP2]. The types of receptors (e.g., bradyki-
nin B2 receptor) that increase intracellular
Ca2+ also induce PIP2 synthesis, concurrent
with its hydrolysis, via the stimulation of PI4-
kinase by the neuronal Ca2+ sensor (NCS1).
Thus, bradykinin does not normally inhibit
N-type Ca2+ currents as a result of compen-
satory PIP2 synthesis, but does so when
Ca2+ signals are minimized. Note that we
speculate the existence of a spatial localizer
(SL) of PI-kinases that may be key to regulat-
ing the spatial synthesis of the phosphoino-
sitide messengers within cells. DAGL, DAG-
lipase.3production and Ca2+ release, thus providing a mecha-
nism for inhibition of KCNQ channels that is Ca2+ sensi-
tive (Selyanko and Brown, 1996; Gamper and Shapiro,
2003). In contrast, muscarinic stimulation does not in-
duce Ca2+ release and modulates both KCNQ and
Cav2.2 channels by PIP2 depletion.
Interestingly, bradykinin has been found to be also
ineffective at suppressing the PIP2-sensitive (but Ca2+-
insensitive) Kir3 family (GIRK) channels in both SCG
cells (Winks et al., 2005) and atrial myocytes (Cho et
al., 2005), whereas other Gq/11-coupled receptors (M1
receptors in SCG neurons or endothelin-1 and prosta-
glandin F2 receptors in atrial myocytes) effectively sup-
press Kir3 currents in the same cells. These findings
suggest that the proposed mechanisms of Gq/11-cou-
pled receptor specificity might be common among
many channel types.
Coincidence Detection of Multiple
Downstream Signals
Adding even more spice to the mix is work suggesting
that Ca2+ channels may be a critical point of con-
vergence for multiple lipid and nonlipid signaling path-
ways. Indeed, PIP2 was recently suggested to exert
dual, opposing, modulatory effects on Cav2.1 and
Cav2.2 channels (Wu et al., 2002), on the one hand sta-
bilizing their activity via the mechanism discussed
above, but also playing a role in the canonical willing/
reluctant fast mode of G protein inhibition. Thus, Ca2+
channels can be seen as coincidence detection points
of spatial, and temporal, integration of signals, thus
playing a pivotal role in adjusting synaptic efficacy. Fur-
thermore, if the messenger(s) that mediates the action
on Ca2+ channels is produced downstream of PLC, any
agonist that turns on Gq/11 should be a potent modula-
tor, but this is clearly not the case, since M mAChR1
Neuron
182and B2 receptor stimulation have contrasting effects. W
Thus, AA production from activation of Gq/11 alone can- c
not suffice. In the context of the PIP2 hypothesis, such b
differences have been accounted for by differential,
concurrent stimulation of PIP2 synthesis by receptors
Sthat raise intracellular Ca2+. For the case of KCNQ
channels, recruitment of PKC to the channel by A-kinase
Banchoring proteins (AKAP) (Hoshi et al., 2003) and sub-
Bsequent channel phosphorylation have been implicated
Bas part of story. Indeed, most of the patch-clamp ex-
Cperiments that we and others do involve supramaximal
N
concentrations of agonists that are perfused around
Centire cells. However, in real brain or in actual ganglia,
S
transmitters are released at specific release sites, the
D
synaptic structures, and their actions are felt at local-
D
ized domains of postsynaptic membrane. Thus, some C
mechanisms should be present to tune the responsive- r
ness of the cell to the small, localized presence of ago- D
nists that is usually the case physiologically. We sug- B
gest that, for Ca2+ channels and for KCNQ channels, D
functional modulation results from the coincidence de- 4
tection of multiple downstream signals at the channels F
at the same time. This idea is summarized in Figure 2 r
for Ca2+ channels. In this paradigm, Ca2+ channels in- G
deed bind and are regulated by PIP2, and Ca2+ current G
(is sensitive to changes in PIP2 abundance, but the af-
finity of the channels to PIP2 is under the dynamic con- G
ptrol of another second messenger, possibly AA. For the
Hcase of KCNQ channels, their gating is likewise sensi-
Btive to the PIP2 abundance in adjacent plasma mem-
Hbrane, but their sensitivity to changes in PIP2 is proba-
tbly tuned by the actions of the AKAP/PKC complex
H(see Delmas et al., 2004). Such a sensitization, or coin-
ncidence-detector, mechanism makes sense as a way to
Densure fidelity in hormonal signaling. This concept
Icould be tested by measuring the affinity of PIP2 for
LCa2+ channels or for KCNQ channels, either with bio-
Lchemical measurements with purified channel proteins
1or by inside-out patch experiments with PIP2 or PIP2
Lscavengers added to the inside-facing bath solution
Jand timing their speed of action. With a coincidence-
Odetector mechanism, unintentional changes in PIP2 F
abundance due to fluctuating activities of PI kinases
Sor phosphatases or inadvertent changes in AA or PKC
Sactivity do not result in altered channel gating and mod-
N
ified neuronal function. Only when multiple signals are
Sdetected at the same time, and in the same microdo-
Smains, do the channels get the message, resulting in
Wthe directed alteration of neuronal activity, in accord
Bwith the agenda of nervous function.
WIn conclusion, recent lines of inquiry that probe the
4molecules coupling receptors to neuronal Ca2+ channels
Zare helping to redefine the role of the phosphoinosi-
T
tides in nervous signaling and illustrate how neuronal
signaling can be shaped by multiple, simultaneous in-
puts. The new paradigms have in common PIP2 acting
as a major regulator of Ca2+ channel activity and give
birth to the notion of the “diffusible membrane-delim-
ited signal.” The discovery of exquisite specificity of
action among different Gq/11-coupled receptors has
strong implications for intracellular action. A major ques-
tion left unanswered is whether phosphoinositide sig-
naling molecules are themselves clustered in microdo-
mains as it appears are their protein signaling partners.hether PIP2 concentrations vary at specific cellular
ompartments but not globally within the plasma mem-
rane awaits future resolution.
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